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Introduction {#sec1}
============

Wearable electronic devices is expected to play an important role in addressing the issue of an individual\'s timely healthcare, real-time safety monitoring, and life improvement ([@bib10], [@bib13]). Indisputably, for the wearable electronic devices, being continuously operated, mechanically flexible, biocompatible, and easy to maintain is of critical importance. Nonetheless, most of the available wearable electronic devices are still powered by rigid batteries that require frequent charging or replacement, which leads to a lot of problems, such as poor flexibility, inconvenience, and environmental pollution. As a result, the self-powered flexible electronic devices that can work constantly without an external power supply are extremely in demand ([@bib35], [@bib23]).

To date, in general, based on piezoelectric or triboelectric effect, photovoltaic effect, and thermoelectric effect, the mechanical energy, solar energy, and thermal energy can be accordingly converted into electrical energy for wearable electronic devices ([@bib14], [@bib38], [@bib16]). Compared with the piezoelectric, triboelectric, and photovoltaic energy harvesters, the flexible thermoelectric generators can directly generate electricity by utilizing the temperature difference between the skin and the ambient environment all-weather, regardless of the motion state of human body. Therefore, in recent ten years, flexible thermoelectric materials and generators have drawn greatly increasing attention ([@bib5]), and a variety of conductive polymers ([@bib17]), carbon materials ([@bib9]), nano-sized inorganic semiconductors ([@bib6]), and metals ([@bib2]) have been applied to fabricate flexible thermoelectric films. So far, in spite of their relatively poor flexibility, the nano-sized inorganic semiconductors are superior to their counterparts because of their excellent thermoelectric performance.

Currently, the cost-effective and abundant metal sulfides and metal selenides are hot topics in the research of thermoelectric materials applied over from room temperature to moderate temperature ([@bib12], [@bib37], [@bib20]), and due to its high power factor and low thermal conductivity at room temperature, the silver selenide is considered to be a promising substitute for commercial Bi~2~Te~3~-based alloy ([@bib7]). Day et al. predicted that by reducing carrier concentration to 1.6 × 10^18^ cm^−3^, a *ZT* value higher than 1 from 300 K to 600 K can be realized in Ag~2+x~Se ([@bib3]), and previous study reveals that the carrier concentration can be regulated by changing molar ratio of Ag/Se in the silver selenide samples ([@bib19], [@bib26], [@bib27]). For instance, Lee et al. investigated a series of samples with Ag/Se varying from 1.73 to 2.33, and it is found that the excess silver atoms promote the carrier concentration and diminish the Hall carrier mobility ([@bib19]). Perez-Taborda et al. demonstrated that the *PF* value of accurately controlled stoichiometric Ag~2~Se thin film on glass substrate reached up to 2440 ± 192 μW m^−1^ K^−2^ at room temperature ([@bib27]). Besides the non-flexible silver selenide materials, the flexible silver selenide film with outstanding performance has also been reported very recently. Cai\'s group published two articles about nylon-membrane-supported Ag~2~Se-nanowire-based flexible films in succession ([@bib4], [@bib24]), and an outstanding *PF* value of 2231.5 μWm^−1^K^−2^ at 300 K for flexible thermoelectric film was realized in CuAg4Se3 composite films.

Despite the fact that remarkable progress has been made in silver-selenide-based flexible thermoelectric film, there is still room for further improvement of their power factor. On the other hand, researches on bulk thermoelectric generators show that for the thermoelectric leg with a certain cross-sectional area, its output power increases first and then decreases with increasing length of thermoelectric leg, thus, the maximum output power is obtained in thermoelectric leg with ideal length ([@bib8], [@bib36]). However, most of the studies on flexible thermoelectric films are confined to improving the power factor of materials, while ignoring the optimization of leg geometry configuration in flexible thermoelectric generators, which greatly determines the output voltage and output power density ([@bib25]). In this work, by simply varying the molar ratio of AgNO~3~ to Se from 1.9 to 2.5, the silver selenide NPs with different content of Ag were synthesized via a solvothermal reaction. Subsequently, the flexible paper-supported silver selenide NPs films were fabricated by our previously reported cold-press method ([@bib11]). The highest *PF* value of 1674.1 μW/(mK^2^) at 303 K was achieved in the sample Ag~2.3~Se film (AgNO~3~/Se = 2.3). Then the composition of these films was further modulated by annealing the films in Ar/H~2~ atmosphere at 250°C for 2 h. According to the XRD spectra and EDX mapping images, after being annealed, for all samples, the crystallinity of Ag~2~Se phase was enhanced, the molar ratio of Ag/Se was greatly reduced, and the distribution of Ag in the film was more uniform. As a result, all of the annealed films showed significantly improved *PF* values, and the highest *PF* value of the annealed Ag~2.3~Se film reached up to 2450.9 ± 364.4 μW/(mK^2^) at 303 K, which is close to that of state-of-the-art bulk silver selenide materials. Moreover, according to the results of numerical simulation, the optimal length of single annealed Ag~2.3~Se film (the width is 5 mm) is calculated to be 13 mm. By series-connecting four pieces of annealed Ag~2.3~Se films with silver paste, a paper-supported thermoelectric module was fabricated. At temperature difference of about 25 K, the maximum output power density reaches up to 5.80 W/m^2^, which is superior to other film thermoelectric devices.

Results and Discussion {#sec2}
======================

Phase and Morphology of Silver Selenide Nanoparticles and Films {#sec2.1}
---------------------------------------------------------------

The XRD patterns of Ag~1.9~Se and Ag~2.5~Se films before and after being annealed are compared in [Figure 1](#fig1){ref-type="fig"}. As shown in [Figure 1](#fig1){ref-type="fig"}A, all peaks in XRD pattern of Ag~1.9~Se film can be indexed to the orthorhombic Ag~2~Se, and in [Figure 1](#fig1){ref-type="fig"}B, the XRD patterns of Ag~2.5~Se films show characteristic peaks of orthorhombic Ag~2~Se and cubic Ag. In addition, in the XRD spectra of annealed films, the relative intensity of peaks corresponding to (002), (102), (112), (013), (113), (004), and (014) planes of Ag~2~Se are obviously enhanced, whereas the relative intensity of peaks indexed to cubic Ag are weakened, which indicates that the content of Ag has been reduced in the annealed Ag~2.5~Se film. The XRD spectra of other films are displayed in [Figure S1](#mmc1){ref-type="supplementary-material"}, and they exhibit the same change as that of Ag~2.5~Se films. On the other hand, as shown in [Table S1](#mmc1){ref-type="supplementary-material"}, for all annealed silver selenide films, the full width at half maximum (FWHM) values of dominant peak \[(112) plane\] are reduced, implying that the annealing treatment leads to the enhanced crystallinity of Ag~2~Se phase.Figure 1Phase Characterization of Silver Selenide Film before and after Being AnnealedXRD patterns of Ag~1.9~Se film (A) and Ag~2.5~Se film (B) before and after being annealed. This figure is related to [Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}.

In [Figure 2](#fig2){ref-type="fig"}A, the TEM image clearly shows particles with different sizes and shapes. Further, the TEM-EDS maps in [Figures 2](#fig2){ref-type="fig"}B and 2C suggest that the small-sized near-spherical particles are Ag nanoparticles and the large-sized irregular particles are Ag~2~Se nanoparticles. [Figure 2](#fig2){ref-type="fig"}D displays the HRTEM image of Ag~2~Se nanoparticle, and the interplanar distances of 2.55 Å and 2.00 Å correspond to the lattice spaces of (013) and (211) planes. The HRTEM image of Ag nanoparticles in [Figure 2](#fig2){ref-type="fig"}E shows the (200) and (111) planes with interplanar distances of 2.01 Å and 2.42 Å.Figure 2Composition and Crystal Lattice of Ag~~2.5~~Se ParticlesTEM image (A), TEM-EDS maps (B and C) and HRTEM images (D and E) of Ag~2.5~Se particles. (D) and (E) reveal the HRTEM images of Ag~2~Se phase and Ag phase in Ag~2.5~Se particles, respectively. In (A), (B) and (C), the scale bar is 200 nm, and in (D) and (E), the scale bar is 2 nm.

[Figure 3](#fig3){ref-type="fig"} reveals the representative morphology of silver selenide particles and films, and more SEM images of silver selenide particles and films are presented in [Figure S2](#mmc1){ref-type="supplementary-material"}. As shown in [Figures 3](#fig3){ref-type="fig"}A and 3B, the large-sized (1--2 μm) and small-sized (100--200 nm) particles with different shapes can be found in both of the two samples. Meanwhile, with increasing ratio of Ag/Se, more particles with small size are observed in the images, indicating that more Ag are contained in the sample. [Figures 3](#fig3){ref-type="fig"}C and 3D show the relatively smooth surface of paper-supported films, suggesting that the morphology of particles and the boundaries among particles have almost been destroyed due to the compression, and the similar result has been reported in our previous work ([@bib11]). As exhibited in [Figures 3](#fig3){ref-type="fig"}E and 3F, no obvious change can be found in the annealed films, which indicates that the annealing treatment has little impact on the morphology of silver selenide films. The cross-sectional SEM image of a piece of annealed Ag~2.5~Se film is shown in [Figure S3](#mmc1){ref-type="supplementary-material"}, and it can be deduced from this figure that the thickness of silver selenide films is about 10 μm.Figure 3Morphology of Silver Selenide Particles and FilmsThe representative SEM images of silver selenide particles and paper-supported films. Ag~1.9~Se and Ag~2.5~Se particles (A and B), Ag~1.9~Se and Ag~2.5~Se films (C and D), and annealed Ag~1.9~Se and Ag~2.5~Se films (E and F). The scale bar is 1 μm and this figure is related to [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

Compositional Modulation and Regulation of Carrier Transport Characteristics {#sec2.2}
----------------------------------------------------------------------------

The SEM-EDS maps in [Figure 4](#fig4){ref-type="fig"} illustrate the varied composition of silver selenide films before and after being annealed. As shown in [Figure 4](#fig4){ref-type="fig"}A, although some tiny Ag aggregations can be observed in limited regions, the Ag and Se elements are almost uniformly distributed in the Ag~1.9~Se film. On the contrary, [Figure 4](#fig4){ref-type="fig"}B clearly shows that Ag aggregation with size of micrometers can be found in the Ag~2.5~Se film. Then in the SEM-EDS maps of annealed films, the signal of Ag element is obviously reduced and the area of Ag aggregations in annealed Ag~2.5~Se films is greatly shrunk. These results can also be observed in SEM-EDS maps of other silver selenide films ([Figure S4](#mmc1){ref-type="supplementary-material"} in [Supplemental Information](#appsec2){ref-type="sec"}). Despite the EDS maps can only provide semi-quantitative results, based on the SEM-EDS maps, the molar ratios of Ag/Se in silver selenide films before and after being annealed are calculated and listed in [Table 1](#tbl1){ref-type="table"}. This table reveals that all samples are Ag-rich silver selenide films, and the annealing treatment indeed leads to the decreased concentrations of Ag element in films, especially in the film containing more Ag element, such as Ag~2.5~Se film.Figure 4Elemental Distribution in Silver Selenide Films before and after Being AnnealedThe representative SEM-EDS maps of silver selenide films before and after being annealed. Ag~1.9~Se film (A), Ag~2.5~Se film (B), annealed Ag~1.9~Se film (C), and Ag~2.5~Se film (D). The scale bar is 10 μm and this figure is related to [Figure S4](#mmc1){ref-type="supplementary-material"}.Table 1The Molar Ratios of Ag/Se in Silver Selenide Films before and after Being AnnealedAg~1.9~Se FilmAnnealed Ag~1.9~Se FilmAg~2.1~Se FilmAnnealed Ag~2.1~Se FilmAg~2.3~Se FilmAnnealed Ag~2.3~Se FilmAg~2.5~Se FilmAnnealed Ag~2.5~Se FilmAg69.9268.6972.9471.6675.9673.7678.1374.06Se30.0831.3127.0628.3424.0426.2421.8725.94Ag/Se2.322.192.702.533.162.813.572.85[^2]

All in all, it can be concluded from XRD patterns and SEM-EDS maps that due to the annealing treatment, the compositions of silver selenide films have been modulated and the crystallinity of Ag~2~Se phase in the films has been improved. As a result, the carrier transport characteristics of silver selenide films have also been regulated. As shown in [Figure 5](#fig5){ref-type="fig"}, on the whole, the carrier concentrations of all films are diminished because of the annealing treatment, in particular those of the films with high content of Ag (Ag~2.1~Se to Ag~2.5~Se), and this result is in consistence with the reduction of Ag in the films, which has been verified by SEM-EDS maps. As shown in SEM-EDS maps, for the film with less Ag (Ag~1.9~Se film), the annealing treatment has less impact on the content of Ag in the film, whereas for the film with more Ag, for example, Ag~2.5~Se film, the content of Ag in the film is greatly reduced by annealing treatment. Accordingly, the carrier concentration of film with less Ag is slightly changed, whereas that of film with more Ag is obviously decreased due to the annealing treatment. Moreover, the shrinkage of Ag aggregation regions possibly increases the amount of nano-sized interfaces between Ag and Ag~2~Se in the film, whereas the energy filtering effect on the nano-sized interfaces also leads to the reduction of carrier concentration ([@bib24]). On the other hand, after being annealed, all films show almost doubled carrier mobility, and this increased carrier mobility results from two reasons. First, the enhanced crystallinity of Ag~2~Se phase in the annealed films is benefit for increasing carrier mobility. Second, the decreased carrier concentration in annealed films leads to weaker scattering among carriers, which also contributes to the improvement of carrier mobility.Figure 5Carrier Transport Characteristics of Silver Selenide Films before and after Being AnnealedThe carrier concentration (![](fx2.gif)) and mobility (![](fx3.gif)) of silver selenide films before (solid line) and after (dash line) being annealed, and both of the errors of carrier concentration and mobility are ±5%.

Thermoelectric Properties of Silver Selenide Films {#sec2.3}
--------------------------------------------------

[Figure 6](#fig6){ref-type="fig"} displays the thermoelectric properties at 303 K of silver selenide films before and after being annealed, and the trend of electrical resistivity in [Figure 6](#fig6){ref-type="fig"}A is in accordance with that of product of *n* and *μ*. The resistivity decreases with increasing molar ratio of AgNO~3~/Se and after being annealed, the Ag~1.9~Se and Ag~2.0~Se films show the markedly reduced resistivity, whereas other films show the slightly increased resistivity. Before being annealed, the Ag~2.5~Se film possesses the lowest resistivity of (0.5 ± 0.025) × 10^−5^ Ω/m and this value turns to be (0.52 ± 0.026) × 10^−5^ Ω/m for the annealed Ag~2.5~Se film. The Seebeck coefficients in [Figure 6](#fig6){ref-type="fig"}B show a similar changing tendency to that of electrical resistivity. As to the annealed films, the Seebeck coefficients of Ag~1.9~Se and Ag~2.0~Se films are reduced, whereas those of other films are raised. Before being annealed, the Ag~1.9~Se film shows the largest Seebeck coefficient of −140.1 ± 9.8 μV/K, which is very close to the value reported in previous work ([@bib4]). For comparison, the Seebeck coefficients of films prepared with smaller ratios of AgNO~3~/Se (from 1.8 to 1.5) are measured and displayed in [Figure S5](#mmc1){ref-type="supplementary-material"}. According to [Figure S5](#mmc1){ref-type="supplementary-material"}, it can be concluded that the further reduction of AgNO~3~ is not helpful to improve the Seebeck coefficient of silver selenide film. In [Figure 6](#fig6){ref-type="fig"}C, the power factor increases and then decreases with the increasing molar ratio of AgNO~3~/Se, and all films show the enhanced power factors after being annealed. The highest power factor of films before being annealed is 1674.1 ± 248.9 μW/(mK^2^), which is realized in the Ag~2.3~Se film, and this value is remarkably improved to be 2450.9 ± 364.4 μW/(mK^2^) for the annealed Ag~2.3~Se film.Figure 6The Thermoelectric Properties of Silver Selenide Films before and after Being AnnealedThe electrical resistivity (A), Seebeck coefficient (B), and power factor (C) at 303 K of silver selenide films before and after being annealed, and the errors of these three parameters are ±5%, ±7%, and ±14%, respectively. This figure is related to [Figure S5](#mmc1){ref-type="supplementary-material"}.

The thermoelectric properties of annealed silver selenide films at different temperatures are shown in [Figure 7](#fig7){ref-type="fig"}. In [Figure 7](#fig7){ref-type="fig"}A, the resistivity significantly decreases and then slightly increases with the temperature for measurement increasing from 30°C to 210°C, and this trend is attributed to the phase transition of Ag~2~Se. The phase transition temperature of Ag~2~Se is about 133°C ([@bib34]), and Ag~2~Se with orthorhombic structure (β-Ag~2~Se) is a semiconductor, so the resistivity of annealed films decreases with increasing temperature when the temperature is below 133°C. Then once the temperature for measurement is above 150°C, the Ag~2~Se has been transformed from orthorhombic structure to cubic structure (α-Ag~2~Se), which shows conductive character of metal. Similarly, as exhibited in [Figure 7](#fig7){ref-type="fig"}B, with the temperature increasing from 30°C to 150°C, the absolute value of Seebeck coefficient remarkably drops from over 100 μV/K to around 30 μV/K; when the temperature continues to rise from 150°C to 210°C, it turns to ascend slightly. This variation tendency of Seebeck coefficient also results from the phase transition of Ag~2~Se. Because of the variation of resistivity and Seebeck coefficient, all annealed films display the highest power factors at 90°C in [Figure 7](#fig7){ref-type="fig"}C, and the maximum of power factor is realized in the annealed Ag~2.3~Se film, reaching up to 2610.9 ± 388.0 μW/(mK^2^). The power factor at around 300 K of annealed Ag~2.3~Se film in this work is compared with those of representative bulk silver selenide materials, Ag~2~Se-based flexible films, and BiTeSe film ([Table 2](#tbl2){ref-type="table"}); it can be concluded from this table that among the Ag~2~Se-based flexible film, the power factor of annealed Ag~2.3~Se film in this work is closest to that of Ag~2~Se-based bulk materials.Figure 7The Thermoelectric Properties of Annealed Silver Selenide Films at Different TemperaturesThe electrical resistivities (A), Seebeck coefficients (B), and power factors (C) of annealed silver selenide films at different temperatures, and the errors of these three parameters are ±5%, ±7%, and ±14%, respectively.Table 2The Power Factors at Around 300 K of Annealed Ag~2.3~Se Film in This Work and Representative Thermoelectric Bulk Materials and Flexible FilmsSamplePower Factor (μWm^−1^K^−2^)Flexible annealed Ag~2.3~Se film2451 ± 364 (this work)5%Te/Ag~2~Se bulk materials1800 ([@bib21])Ag~2~Se~1.06~ bulk materials3010 ([@bib26])Ag~2~Se film on glass substrate2440 ± 192 ([@bib27])Flexible nylon-supported Ag~2~Se film987 ± 104 ([@bib4])Flexible nylon-supported Cu1Ag4Se3 film2232 ([@bib24])Bi~2~Te~2.7~Se~0.3~ film on glass fiber2077 ([@bib30])

It is very difficult to obtain the accurate in-plane thermal conductivity of a substrate-supported thin film due to the following reasons. First, the thickness of sample for the laser flash diffusivity apparatus is usually 1--2 mm, which is much larger than that of flexible film, thus it is almost impossible to obtain the cross-plane thermal diffusivity of thin film by a general commercial laser flash diffusivity apparatus. Second, for the film with high electrical conductivity (\>500 S/cm), the anisotropy in thermal conductivity can be as large as 1:0.3 (in-plane: cross-plane) ([@bib22]). Third, the substrate contribution must be removed ([@bib1]), and if the electrical conductivity and the thermal conductivity were measured from two different sets of samples, a large uncertainty in the ZT value would be resulted in ([@bib33]). As a reference, the thermal diffusivity and specific heat capacity of annealed Ag~2.3~Se pellet has been measured and displayed in [Figure S6](#mmc1){ref-type="supplementary-material"}, and the thermal conductivity of annealed Ag~2.3~Se pellet is calculated to be 0.635 W/(mK) at 303 K. However, we find that the paper substrate might also play a role in determining the composition of silver selenide film due to the possible reaction between paper substrate and the Ag~2~Se or Ag particles in the film at the temperature for annealing treatment (250°C), and there is no paper substrate attached with the Ag~2.3~Se pellet during the annealing treatment, thus the composition and electrical and thermal properties of annealed Ag~2.3~Se film and Ag~2.3~Se pellet are likely to be different. Because the specific influence of paper substrate on silver selenide during the process of annealing treatment is remained to be investigated in our following work, it is reasonable to use the theoretic thermal conductivity of silver-rich silver selenide at room temperature (1.8 W/K) ([@bib3]) rather than the thermal conductivity of annealed Ag~2.3~Se pellet, and the thermal conductivity of paper substrate for numerical simulation is 0.8 W/(mK) ([@bib18]).

Optimal Length of Annealed Ag~2.3~Se Film by Numerical Simulation {#sec2.4}
-----------------------------------------------------------------

As reported in previous work concerning bulk thermoelectric device, the length of thermoelectric leg plays a key role in determining the output power of thermoelectric generator ([@bib36]). Generally, reducing the length of thermoelectric film may lead to a too small temperature difference between the two ends of film, and as result, the output voltage of thermoelectric film would be diminished. On the other hand, the electrical resistance of thermoelectric film with excessive length is too large. Most numerical simulations of thermoelectric generators focus on devices based on conventional bulk materials ([@bib8], [@bib28]), and in this work, in order to obtain the ideal output voltage and power of flexible thermoelectric generator fabricated with the annealed Ag~2.3~Se film, the optimal length of single annealed Ag~2.3~Se film is investigated through numerical simulation using finite element analysis. As shown in [Figure 8](#fig8){ref-type="fig"}, the annealed Ag~2.3~Se film, silver electrodes, and paper-substrate are simulated to be thin cubes, and aluminum plates are placed on both ends of the film.Figure 8The Three-Dimensional Model of Single Paper-Supported Ag~2.3~Se Film for Numerical SimulationThis figure is related to [Figure S6](#mmc1){ref-type="supplementary-material"}.

Based on the above model, the temperature and potential fields of annealed Ag~2.3~Se films with different lengths (from 1 mm to 25 mm) are obtained via numerical simulation, and the results are listed in [Figure S7](#mmc1){ref-type="supplementary-material"}. As illustrated in [Figure 9](#fig9){ref-type="fig"}, the simulated temperature of cold side (T~c~) decreases, whereas the open-circuit voltage (U~oc~) increases with the ascending length of film and finally reaches a steady state once the length exceeds 13 mm. In the steady state, the temperature difference of hot and cold sides remains nearly unchanged at 25°C and the corresponding theoretic open-circuit voltage is up to about 2.97 mV. This value is a little higher than the experimental result (2.8 mV) due to two possible reasons. First, the actual temperature of hot side of annealed Ag~2.3~Se film is less than 50°C because of the thermal resistance at the interface between hot side of paper substrate and heating aluminum plate. Second, the actual voltage is measured by contacting probes to electrodes, which inevitably leads to the heat loss at hot side ([@bib15]).Figure 9The Simulated Electrical and Thermal Data of Single Annealed Ag~~2.3~~Se Film with Different LengthsThe numerically simulated U~oc~ (solid line) and T~c~ (dash line) of annealed Ag~2.3~Se films with different lengths. This figure is related to [Figure S7](#mmc1){ref-type="supplementary-material"}.

Thermoelectric Performance of Paper-Supported Silver Selenide Thermoelectric Generator {#sec2.5}
--------------------------------------------------------------------------------------

By series-connecting four pieces of Ag~2.3~Se films with length of 13 mm, the flexible paper-supported thermoelectric module is fabricated and the photographs of module before and after being annealed are shown in [Figure 10](#fig10){ref-type="fig"}A and 10B. The width of each film is 5 mm and the distance between two adjacent films is 3 mm. [Figure 10](#fig10){ref-type="fig"}C displays the method for measurement, and the temperatures of hot and cold side are 50°C and 25°C (environmental temperature), respectively. The output voltages and output powers of paper-supported Ag~2.3~Se thermoelectric generator before and after being annealed are shown in [Figures 10](#fig10){ref-type="fig"}D and 10E, and the output power is calculated by this formula: $P_{l} = \frac{U_{l}^{2}}{R_{l}}$, where *P*~*l*~ is the output power, *U*~*l*~ is the voltage across the load variable resistor, namely output voltage, and *R*~*l*~ is the resistance of variable resistor ([@bib25]). As is known to all, The output voltage is calculated by this formula: $U_{l} = \left( {1 - \frac{R_{in}}{R_{in} + R_{l}}\ } \right) \ast U_{o}$, where *U*~*o*~ is the open-circuit voltage of module, *R*~*in*~ is the internal resistance of module, and *R*~*l*~ is the load variable resistor. Thus, at a certain temperature difference, the output voltage will increase with the increasing load resistance and eventually infinitely approach the open-circuit voltage. On the other hand, the output power reaches the maximum value when the load resistance equals to the internal resistance of thermoelectric generator.Figure 10The Actual Thermoelectric Devices and Corresponding Electrical PerformanceThe photograph of paper-supported Ag~2.3~Se thermoelectric generator before (A) and after (B) being annealed, the diagram of measuring output voltage of thermoelectric generator (C), and the output voltage and power of thermoelectric generator before (D) and after (E) being annealed at temperature difference of 25 K.

For the generator before being annealed, the internal resistance measured to be about 24 Ω, and as shown in [Figure 10](#fig10){ref-type="fig"}D, the maximum value of output power and the corresponding output voltage are 0.67 μW and 4.05 mV at temperature difference of 25 K. After being annealed, the generator shows a little higher internal resistance of 27 Ω. [Figure 10](#fig10){ref-type="fig"}E displays that the maximum value of output power and the corresponding output voltage of annealed generator are improved to be 1.16 μW and 5.60 mV, respectively. Obviously, this improvement of performance is resulted from the enhanced Seebeck coefficient of annealed Ag~2.3~Se film. The power density of annealed Ag~2.3~Se module can be calculated by the following equation: $P_{d} = \frac{P_{max}}{N \ast S}$, where *P*~*d*~ is the power density, *P*~*max*~ is the maximum value of output power, *N* is number of thermoelectric film, and *S* is the cross-sectional area of annealed Ag~2.3~Se film ([@bib24]). And in this work, the *N* is 4 and the *S* is calculated by the equation $S = t \ast w$, where *t* is the thickness of Ag~2.3~Se film without substrate (10 μm) and *w* is the width of Ag~2.3~Se film (5 mm). Thus, *S* is 0.05 mm^2^ and the *P*~*d*~ is calculated to be 5.80 W/m^2^. As displayed in [Table 3](#tbl3){ref-type="table"}, at similar temperature difference, the output power density of annealed Ag~2.3~Se-based module is much higher than that of previous representative film thermoelectric devices, and in the case that temperature difference is 1 K, the output power density of our annealed Ag~2.3~Se film is also the highest.Table 3The Output Power Density of Annealed Ag~2.3~Se-Film-Based Device and Previous Representative Film Thermoelectric DevicesSampleP~d~ (W/m^2^)▵T (K)P~d~/▵T (Wm^−2^K^−1^)Annealed Ag~2.3~Se film (this work)5.80250.23Cu1Ag4Se3 film ([@bib24])5.42\
2.3745\
280.12\
0.08C~60~/TiS~2~ nanosheet hybrid film ([@bib32])1.68200.08PANI/SWNT/Te composite film ([@bib31])0.62400.02

The flexibility of annealed Ag~2.3~Se thermoelectric device has been tested and the result is shown in [Figure 11](#fig11){ref-type="fig"}. *R*~*o*~ and *P*~*o*~ represent the internal resistance and output power of original device, and *R*~*b*~ and *P*~*b*~ mean the internal resistance and output power of device has been bent for a certain of cycles. A short video ([Video S1](#mmc2){ref-type="supplementary-material"}) is provided in [Supplemental Information](#appsec2){ref-type="sec"} to show how we bend the device and the bending radius is about 1 cm. With increasing bending cycles, the internal resistance of device increases while the output power decreases. After 600 bending cycles, the internal resistance of device increases by 40.4% and the output power decreases by 29%. The flexibility test of thermoelectric device has barely been reported in previous articles, thus the result of this flexibility test is compared with that of other single paper-supported thermoelectric film in [Table 4](#tbl4){ref-type="table"}. Because the nanowires can form crisscrossed conductive network, the Ag~2~Te NWs film, which was reported in our previous work, showed a better flexibility than the annealed Ag~2.3~Se device. However, due to the tight bond between the Ag~2.3~Se film and paper substrate, the flexibility of annealed Ag~2.3~Se device is still superior to the paper-supported Bi~2~Te~3~ and Sb~2~Te~3~ films prepared by magnetron sputtering ([@bib29]).Figure 11The Internal Resistance and Output Power Ratio as a Function of Bending Cycles*R*~*o*~ and *P*~*o*~ represent the internal resistance and output power of original device, and *R*~*b*~ and *P*~*b*~ mean the internal resistance and output power of device has been bent for a certain of cycles. This figure is related to [Video S1](#mmc2){ref-type="supplementary-material"}.Table 4The Comparison of Flexibility Test of Annealed Ag~2.3~Se Thermoelectric Device and Other Paper-Supported Thermoelectric FilmsSampleBending Cycles(R~b~-R~o~)/R~o~Annealed Ag~2.3~Se device (this work)60040.4%Ag~2~Te NWs film ([@bib11])50021%Bi~2~Te~3~ film ([@bib29])400140%Sb~2~Te~3~ film ([@bib29])40050%

Video S1. The Video about Bending Cycles of Annealed Ag~2.3~Se Thermoelectric Device, Related to Figure 11It can be observed from this video that the bending radius is about 1 cm

Limitations of the Study {#sec2.6}
------------------------

To improve the output power density of flexible film thermoelectric generator, the length of single thermoelectric film has been optimized by numerical simulation in this work. Although the actual output power density of our generator is superior to that of other flexible film thermoelectric generator, the thermal conductivity of annealed Ag~2.3~Se film for simulation is a theoretic value rather than an actually measured value because it is difficult to obtain the accurate thermal conductivity of thermoelectric film adhered on a substrate. In further work, we will try our best to obtain the actual thermal conductivity of flexible thermoelectric film for numerical simulation.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
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Document S1. Transparent Methods, Figures S1--S7, and Table S1
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